Adeno-associated virus (AAV) vectors are generally associated with low toxicity, resulting in vector persistence and longterm transgene expression (29, 34, 70) . The inability of AAV vectors to efficiently transduce or activate antigen-presenting cells may account for their decreased immunogenicity (74) . However, AAV vectors can induce cellular and humoral responses to the transgene product (15, 21, 22, 41, 43, 49, 71) and AAV-mediated gene therapy leads to the development of antibodies against the vector capsid, confirming that a significant interaction with the immune system exists (9, 28, 55) . Anti-AAV antibodies have neutralizing effects that decrease the efficiency of in vivo gene therapy and can prevent vector readministration (13, 52) . Furthermore, AAV serotype 2 (AAV2) vectors induce transient innate immune responses in mice (72) and in a recent clinical trial unexpected AAV-induced liver toxicity was noted in two patients following intrahepatic administration of AAV2 (44) . It is therefore important to understand the mechanisms that lead to the induction of immune responses directed against AAV.
The serum complement system represents a chief component of innate immunity. Activation of the complement system leads to opsonization of microorganisms, lysis of target cells, and release of inflammatory mediators from leukocytes. Complement components are inactive proenzymes circulating in serum that are activated through highly regulated enzymatic cascades. Complement activation occurs via three different mechanisms: the lectin, the alternative, and the classical pathways. All pathways result in the formation of the C3 convertases, which cleave C3 into C3a and C3b. The fate of C3b is critical to the regulation of the complement cascade. Persistence of C3b allows further binding of factor B and hence amplified C3 cleavage. C3b is necessary to activate downstream complement proteins and effector mechanisms. Catabolism of C3b into iC3b inhibits amplification of C3 cleavage and results in downregulation of the complement system (42) . Complement regulatory proteins such as factor H in plasma can limit complement activation through a function as a cofactor for factor I-mediated cleavage of C3b into iC3b. Many pathogens have evolved evasion strategies to avoid complement activation. Vaccinia virus, for example, encodes a secretory protein (complement control protein, VPC) which is homologous to human complement control proteins and acts as a cofactor for factor I-mediated C3b degradation (37) . Other pathogens recruit factor H to their surface to evade complement neutralization (62) .
Deposition of C3 fragments such as C3b and iC3b on pathogen surfaces leads to opsonization, enhanced phagocytosis, immune complex clearance, adhesion, and cytokine production (24) . Most such activities depend upon the engagement of specific complement receptors. These include complement receptor 1 (CR1, CD35), complement receptor 2 (CR2, CD21), and the beta-integrins CR3 (CD11b/CD18), CR4 (CD11c/ CD18), and the recently discovered immunoglobulin super-family receptor, CRIg (27) . All complement receptors bind iC3b. CR1 and CR2 are thought to participate mainly in particle binding. CR3 and CR4 are involved in phagocytosis of C3b-and iC3b-opsonized pathogens (3, 16, 38, 51, 56) .
The complement system evolutionarily predates the adaptive immune response but has adapted to mediate cross talk between the adaptive and innate responses. In addition to its role in inflammation, increasing evidence supports the role of complement in regulating B lymphocytes and in contributing to the development of humoral immunity (4-6, 19, 23) . On B cells, CR1 (CD21) forms a coreceptor with the signaling molecule CD19 and receptor CD81. Coengagement of the CD21/ CD19/CD81 receptor complex with the B-cell antigen receptor (BCR) enhances B-cell responses by lowering substantially the threshold for B-cell activation (45) . Corecognition of the BCR and CD21 leads to increased cell proliferation and differentiation and enhanced antibody production. Engagement of CR1 is especially critical when suboptimal doses of antigen are present or the affinity of the antibody is low, as is the case during primary immune responses. Recent research has shown that complement can also modulate T-cell responses, both through direct modulation of the T cell and indirectly through antigen-presenting cells (5, 33) . For example, in the absence of C3, CD4
ϩ and CD8 ϩ T-cell priming was impaired in an influenza virus model (36) , suggesting a more general role of the complement system in adaptive immunity.
We have shown previously that AAV vectors can elicit transient inflammatory responses in vivo but that these responses are entirely dependent on resident macrophages (72) . To understand further the biology of the host immune response to AAV vectors, we examined the basis and functional consequence of AAV vector interactions with macrophages, an important effector leukocyte of the innate immune system. In this study, we show that AAV capsid binds C3 complement proteins, which enhances AAV uptake into macrophages and macrophage activation. In vivo studies of C3-and complement receptor 1/2 (CR1/2)-deficient mice show that the complement system is essential in the humoral immune response against AAV vectors.
MATERIALS AND METHODS
Virus vectors. AAV serotype 1, 2, and 8 vectors encoding green fluorescent protein (GFP) or LacZ were produced from producer cell lines by using wildtype adenovirus type 5 (Ad5) as described by Clark et al. (12) . Vectors were purified by high-pressure liquid chromatography with a Poros HE/M heparin column. Final vector preparations were dialyzed against 4 liters of dialysis buffer containing 3% sucrose, 150 mM NaCl, 10 mM Tris (pH 7.4), and 1 mM MgCl 2 for 4 h at 4°C and stored at Ϫ70°C. The absence of replication-competent adenovirus in the AAV preparations was assayed by passing 1% of the purified vector stock onto 293 cells and scoring for adenovirus cytopathic effect after 7 days. Adenovirus contamination was consistently less than 1 infectious adenovirus particle per 10 12 AAV particles, when evidenced at all. DNase-resistant particle values were determined using a Perkin-Elmer Applied Biosystems Prism 7700 sequence detector as described previously (12) .
The type 5, E1-deleted, E3-defective adenovirus encoding the GFP transgene under the control of a cytomegalovirus promoter was generated using the AdEasy system (Stratagene), plaque purified, and then propagated on human embryonic kidney cells (293 cells). Vectors were purified on cesium chloride gradients as previously described (2) . After purification, vectors were dialyzed against 4 liters of dialysis buffer as described above and stored at Ϫ70°C. The particle titer was determined by measuring the optical density at 260 nm and described as particle per cell (part/cell). Plaque assay on HeLa cells and PCR were used to test for replication-competent adenovirus. The concentration remained consistently Ͻ1 per 10 10 particles. Low-endotoxin tissue culture reagents and buffers were used for vector production and experiments. AAV and adenovirus vectors were routinely tested for the presence of endotoxin by use of a Limulus amebocyte lysate kit. All vectors contained less then 0.1 endotoxin units/ml. Purified herpes simplex virus type 1 (HSV-1) was purchased from Advanced Biotechnologies (MacIntyre strain).
Cell culture. Human embryonic kidney cells (HEK 293 cells) were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco BRL). Human THP-1 monocytic leukemia cells were grown in RPMI 1640 medium supplemented with 10% FBS, 1% penicillin-streptomycin, 1% sodium pyruvate (100 mM), and 0.01% ␤-mercaptoethanol. THP-1 cell differentiation was achieved by resuspending the cells in growth medium containing 10 Ϫ8 M phorbol-12-myristate-13-acetate (63, 67) . Experiments were performed 24 h after the addition of differentiation medium in normal growth medium. Cells were tested periodically for mycoplasma contamination. For selected experiments, the FBS in the cell culture medium was replaced by human serum (HS). HS was collected from 10 healthy donors, pooled, and filtered through a sterile 0.45-m mesh filter. For inhibition of the complement system, HS was heat inactivated for 30 min at 56°C (referred to as HI-HS). For depletion of immunoglobulin G (IgG), serum aliquots were treated with equal volumes of protein G-Sepharose beads as previously described (18) (referred to as HS-IgG). C3-depleted HS was purchased from CompTech (Tyler, TX).
Primary mouse bone marrow macrophages were obtained by isolating bone marrow stem cells from the tibiae and femurs of C57BL/6 mice (8 to 14 weeks of age), followed by differentiation into macrophages for 7 days in tissue culture. Briefly, mice were euthanized, the hind legs were removed, and the bones were carefully separated intact. Bones were flushed out by inserting a 26-gauge needle attached to a syringe with bone marrow medium into the bone marrow cavity. The cells were washed and seeded at 1.4 ϫ 10 6 cells per well of a six-well plate or 2.5 ϫ 10 5 cells per well of a 24-well plate in bone marrow medium with a total volume of 3 ml or 0.8 ml per well, respectively. The plates were incubated for 5 days in a humidified atmosphere with 10% CO 2 at 37°C. The medium was replaced with fresh bone marrow medium on day 5, and the cells were used for experiments over the following two to three days. Cells expressed the murine macrophage differentiation marker F4/80 (data not shown). Bone marrow medium consists of DMEM supplemented with 2% penicillin-streptomycin, 10% FBS, and 10% L-cell conditioned medium. L-cell conditioned medium was produced by culturing L929 cells in T-150 tissue culture flasks at 0.24 ϫ 10 6 cells per flask in 50 ml culture medium (DMEM supplemented with 1% penicillinstreptomycin and 10% FBS). After 7 days the medium was collected, filtered through a 0.2-m filter, and stored at Ϫ20°C. Fresh medium was added onto the cells (50 ml per T-150 flask), and the cells were incubated for another 7 days. At the end of the second week, the medium was again collected and stored as described above. The conditioned medium was used as a 50/50 mix of week 1 and week 2 at 10% in bone marrow medium to provide the correct growth rate of the bone marrow-derived macrophages. In some experiments the FBS in the bone marrow medium was replaced with mouse plasma (MP). MP was obtained from naïve or AAV2-immunized C57BL/6 mice (8 to 12 weeks of age) placed under anesthesia by cardiac puncture using a heparinized needle and syringe. Plasma was isolated from collected blood by centrifugation at 900 ϫ g for 5 min, pooled, and stored at Ϫ80°C. For complete complement inhibition, plasma was heat inactivated for 30 min at 56°C.
Viral transductions were performed in six-well plates or 24-well plates with 1 ϫ 10 6 to 1.4 ϫ 10 6 cells/well or 2 ϫ 10 5 cells/well, respectively. Cells were incubated at 37°C with 1 ml of medium per six-well plate or 0.3 ml of medium per 24-well plate containing viral vectors. AAV-transduced cells were coinfected with wild-type Ad5 (multiplicity of infection of 1). To assess GFP transgene expression, cells were analyzed using excitation/emission filter cubes of 490/528 nm of an Olympus IX70 inverted epifluorescence microscope attached to a camera. Images were obtained with Openlab software.
Animal studies. All animal studies were performed in accordance with the guidelines of the Animal Care Committee at the University of Calgary. Male or female C57BL/6 mice, 6 to 8 weeks old, were purchased from Charles River Laboratories and housed under single-barrier conditions. Mice were used for experiments at 7 to 12 weeks of age (20 to 30 g). The murine Cr2 gene codes for both complement receptor 1 (CR1) and complement receptor 2 (CR2) transcripts by alternative splicing. Mice genetically deficient of the Cr2 gene (CR1/ 2 Ϫ/Ϫ ) on a C57BL/6 background were described previously (50) . Mice genetically deficient of complement component C3 (C3 Ϫ/Ϫ l (vector plus vehicle). Control animals received vehicle alone. Animals were allowed to recover and then sacrificed at predetermined time points, and the livers and sera were harvested for analysis.
Antibody titration. To monitor the development of neutralizing AAV capsid antibodies in CR1/2
, or wild-type control mice, animals were immunized by intravenous injection of 2 ϫ 10 11 particles of AAV vector and blood samples were collected over time by lateral saphenous vein puncture. Serum was obtained from blood by centrifugation at 1,000 ϫ g for 5 min and stored at Ϫ80°C until the time of analysis.
Neutralizing antibody titers were determined in AAV transduction assays and GFP transgene expression in HEK 293 cells. Murine serum samples were serially diluted in serum-free tissue culture medium and incubated with 8 ϫ 10 9 particles of AAV2-GFP for 10 min at 37°C in a total volume of 100 l. The AAV-serum mix was then applied to wells of a 24-well plate seeded with 293 cells (ϳ90% confluent) in addition to wild-type Ad5 (multiplicity of infection of 1). Cells were collected at 48 h, and GFP expression was quantified by flow cytometry using a FACScan instrument (Becton Dickinson) and plotted against the total serum dilution. The antibody titer was determined as the highest serum dilution which inhibited virus transduction by 50%.
DNA isolation and Southern blotting. To obtain total DNA, transduced cells were trypsinized for 5 min and washed several times with phosphate-buffered saline to remove bound virus from the cell surface. The cell pellet was subjected to processing for total DNA by use of a DNeasy kit (Qiagen) according to the manufacturer's protocol. For Southern analysis, 1 to 3 g of DNA was digested with HindIII and separated on a 1% agarose gel. The gel was washed in 0.25 M HCl, followed by another wash in a 0.4 M NaOH solution. The DNA was then alkaline transferred onto a positive-charged Hybond XL nylon membrane (Amersham Pharmacia) overnight. A full-length GFP cDNA fragment was labeled with [ 32 P]dCTP by use of a Redprime random prime labeling system (Amersham Pharmacia). Hybridization was performed by using 2 ng of the labeled DNA probe per 5 ml of ExpressHyb solution (Clontech) at 60°C for 1 h. The membrane was then washed three times for 15 min in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl, 0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate (SDS) at 60°C and exposed to radiographic film for visualization. For quantification, the blots were subjected to phosphorimager analysis by use of a personal F/X molecular imager (Bio-Rad), and the signal intensities were analyzed with Quantity One software (Bio-Rad). To correct for DNA loading, intensity scores were normalized to the density of total DNA in the agarose gel prior to membrane transfer and expressed as phosphorimager units.
RNase protection assays. Total RNA from liver tissues or tissue culture cells was isolated using an RNeasy kit (Qiagen) according to the manufacturer's protocol. RNase protection assays were carried out using a RiboQuant MultiProbe RNase protection assay system, with mouse mCK5c/mCK2b and human hCK5/hCK2b multiprobe template sets, according to the manufacturer's protocol (BD Pharmingen). For quantification, the gels were subjected to phosphorimager analysis by use of a personal F/X molecular imager (Bio-Rad), and the signal intensities were analyzed with Quantity One software (Bio-Rad). Each intensity score was normalized to the intensity of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene and expressed as phosphorimager units relative to the percentage of GAPDH.
C3a-desArg complement assay. C3a protein in HS was quantified using an enzyme-linked immunosorbent assay (ELISA) against C3a-desArg according to the manufacturer's instructions (BD OptEIA human C3a ELISA; BD Biosciences, San Diego, CA). Briefly, 96-well ELISA plates coated with anti-human C3a-desArg capture antibody were incubated with HS samples for 2 h at room temperature. After being washed extensively, plates were incubated with biotinylated polyclonal anti-human C3a detection antibody and horseradish peroxidase-conjugated streptavidin. Plates were washed again and developed after addition of tetramethyl benzidine and hydrogen peroxide substrate for 30 min at room temperature, and the reaction was stopped by adding 1 M H 3 PO 4 as the stop solution. Optical densities were determined spectrophotometrically at 450 nm (Benchmark microplate reader; Bio-Rad). Purified recombinant C3a protein in serial dilutions served as the standard.
Immunoprecipitation and immunoblotting. To study the binding of complement component C3 to AAV capsids in HS, 8 ϫ 10 9 particles of AAV were incubated with 10 l pooled HS for 10 min at 37°C to allow binding of complement and neutralizing serum IgG to the virus capsid. Antibody-capsid complexes were immunoprecipitated using protein G-Sepharose beads (Amersham Bioscience). The AAV serum mix (10 l), Sepharose beads (10 l), and 400 l of wash buffer (Tris-buffered saline, 1% Triton X-100) were combined and mixed at 4°C overnight. Sepharose beads were then washed three times with wash buffer, and the precipitates were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions and then transferred onto nitrocellulose membranes. The membranes were blocked with 5% milk proteins and immunoblotted with a polyclonal goat anti-C3 antibody (CompTech, Tyler, TX) for 45 min at room temperature or a polyclonal rabbit anti-AAV antibody (American Research Products). Blots were washed, incubated with horseradish peroxidase-conjugated donkey anti-goat IgG or goat anti-rabbit secondary antibody, and visualized using ECL Plus chemiluminescent substrate (Amersham).
To test AAV binding with C3, C3b, or iC3b directly in the absence of HS Ig, 4 ϫ 10 10 particles of AAV were incubated with 200 ng of purified C3, C3b, or C3b plus factor I (1 g) and factor H (1 g) in 30 l phosphate buffer (20 mM, pH 6.0) for 1 h at 37°C. The reaction mix was precleared with Sepharose B (10 l in 200 l wash buffer) for 1 h at 4°C. C3 in the reaction mix was then immunoprecipitated with a polyclonal goat anti-C3 antibody (0.5 g) overnight at 4°C and analyzed by Western blotting as described above. AAV without C3 (or C3b) served as the negative control.
To test AAV binding with factor H, 4 ϫ 10 10 particles of AAV were incubated with purified factor H (1 g) in 30 l phosphate buffer (20 mM, pH 6.0) for 1 h at 37°C. After the reaction mix was precleared with Sepharose B, factor H was immunoprecipitated with a polyclonal goat anti-human factor H antibody (CompTech, Tyler, TX) and analyzed by Western blotting as described above. AAV without factor H served as the negative control.
Cofactor assay. The cofactor activities of viral vectors and HSV-1 were tested using a modified but previously described protocol (25) . Particles of AAV (4 ϫ 10 ) were incubated in 20 mM phosphate buffer (pH 6.0) in a final volume of 30 l containing 200 ng of C3b and 1 g of factor I for 1 h at 37°C. Reaction mixes with factor I and vehicle or with factor I and factor H (1 g) alone served as negative and positive controls, respectively. The samples were then separated under reducing conditions using 10% SDS-PAGE and analyzed by immunoblotting as described above. C3b, factor I, factor H, and the polyclonal anti-C3 antibody were commercially obtained from CompTech, Tyler, TX.
Statistics. Statistical analysis was performed using GraphPad Instat, version 3.01. Values are expressed as the means Ϯ standard derivations of individual samples. Results were analyzed for statistical variance using an unpaired Student t test or one-way analysis of variance followed by pairwise comparison using either Tukey's honestly significant difference test or Dunnett's multiple comparison test as appropriate.
RESULTS
AAV vector-macrophage interactions are enhanced by serum components. We have shown previously that AAV vectors induce a transient Kupffer cell-dependent upregulation of inflammatory gene expression and leukocyte recruitment in mouse liver in vivo (72) . These results showed that macrophages play a key role in initiating the innate immune responses to AAV vectors in vivo. To analyze AAV vectormacrophage interactions directly, experiments with primary mouse bone marrow macrophages and differentiated human THP-1 cells were performed. Transduction of primary mouse bone marrow macrophages and THP-1 cells (in FBS) with 1 ϫ 10 4 part/cell of an AAV2 vector encoding GFP (AAV2-GFP) did not result in significant GFP transgene expression (Fig. 1) . TE671 cells, a human muscle cell line (rhabdomyosarcoma), transduced side by side with the same titer of AAV2-GFP resulted in strong GFP expression, confirming that the vector was functional. In contrast to AAV2-GFP, 1 ϫ 10 3 part/cell of an adenovirus vector encoding the same transgene (Ad-GFP) efficiently transduced and expressed GFP in all cell types tested (Fig. 1) . Furthermore, Ad-GFP, but not AAV2-GFP, significantly changed the phenotype of primary mouse bone marrow macrophages upon transduction at 24 h. After Ad-GFP transduction, primary mouse bone marrow macrophages assumed a "dendritic" net-like morphology consistent with an activated phenotype (Fig. 1, insets) .
To further characterize the interaction of AAV vectors with primary macrophages and differentiated THP-1 cells, intracel- lular AAV2-GFP vector genomes were analyzed to determine whether the lack of transgene expression was due to a lack of viral entry into these cells. Primary bone marrow macrophages and differentiated THP-1 cells were incubated with AAV2-GFP (1 ϫ 10 4 part/cell) under different serum conditions. At 6 h, AAV vector genomes were analyzed by Southern blotting, probing for the GFP transgene. Two prominent bands representing the single-and double-stranded AAV DNA genomes were detected from total cellular DNA extracted from primary macrophages and THP-1 cells ( Fig. 2A and B) , confirming that macrophages interact with and take up AAV vectors. Interestingly, AAV2-GFP genomes were increased more than twofold in primary macrophages incubated in MP compared to levels in heat-inactivated plasma, in FBS, or under serum-free conditions. These results suggested a possible role for complement in virus-macrophage interactions ( Fig. 2A) . To specifically determine the effect of complement, the entry of AAV vectors into differentiated THP-1 cells was analyzed in the presence of standard tissue culture medium (FBS), HS, or HS deprived of complement component C3 (HS-C3). C3 is a key component of the complement cascade; in the absence of C3, any complement activation is blocked. Similarly to the effect seen in bone marrow macrophages, AAV vector genomes were significantly higher in the presence of complete HS than in the presence of FBS or HS-C3 (Fig. 2B) . In summary, these data show that complement enhances AAV vector internalization in macrophages. Despite this internalization, macrophages are poorly transduced by AAV2-based vectors.
AAV vectors induce inflammatory gene expression in macrophages. Although macrophages were poorly transduced by AAV2-GFP, ongoing vector internalization suggested that host innate mechanisms may still be activated. To assess the impact of AAV vector internalization on macrophage activation, primary mouse bone marrow macrophages and differentiated THP-1 cells were challenged with AAV vectors and the expression of inflammatory genes was determined. Cells were challenged with AAV vectors in the presence of 10% MP, 10% HS, or heat-inactivated plasma or serum to remove complement activity. At 90 min following AAV2-GFP challenge, macrophage total RNA was analyzed by RNase protection assay. AAV2-GFP induced the expression of the chemokine macrophage inflammatory protein 2 (MIP-2) in primary macrophages (Fig. 3A) . Other chemokines such as MIP-1␤, MIP-1␣, and IP-10 were not elevated significantly over baseline. Although MP alone significantly enhanced baseline MIP-2 expression in primary macrophages, AAV significantly induced MIP-2 mRNA expression further in the presence of 10% MP compared to that in the presence of 10% heat-inactivated MP (HI-MP), serum-free medium, or normal tissue culture medium containing 10% FBS. Similarly, incubation of differentiated THP-1 cells with AAV2-GFP in the presence of medium containing 10% FBS, 10% HS, or 10% HI-HS induced the expression of multiple chemokines and cytokines ( Fig. 3B and  C) . Furthermore, levels of MIP-1␤, MIP-1␣, interleukin-8 (IL-8), and IL-1␤ RNA expression in response to the AAV vector were significantly higher in the presence of HS than in the presence of HI-HS or FBS. These results show that, despite poor transduction, AAV2 vector internalization into macrophages correlates with macrophage activation in vitro. The enhanced activation and cellular uptake observed in the presence of intact serum or plasma suggest that complement opsonization of AAV increases the interaction with and activation of macrophages. Several new AAV serotypes are being developed and applied to gene therapy. To determine if other AAV vector serotypes interacted with and activated macrophages similarly to AAV2, experiments with AAV1 and AAV8 vectors expressing the GFP transgene were performed. Both AAV1 and AAV8 activated cytokine and chemokine mRNA expression in THP-1 cells and primary murine bone marrow-derived macrophages at 90 min, as determined by the RNase protection assay (Fig. 4A and B) . Similarly to the results observed with AAV2, serotype 8 AAV-GFP induction of MIP-2 and IP-10 gene expression was abolished in HI-MP (Fig. 4B) . MIP-1␤ and MIP-1␣ were not elevated significantly over baseline regardless of the serum conditions in these cells. These results show that complement-dependent AAV interactions with macrophages are not restricted to AAV2 serotypes.
AAV vectors interact with complement proteins. Results from the previous experiments demonstrated that AAV vector-macrophage interactions were significantly enhanced by complement. To determine whether complement components interacted directly with the viral capsid, coimmunoprecipitation studies using AAV2-GFP were performed. The AAV2 vector was incubated with HS and immunoprecipitated, followed by immunoblotting for C3 complement components. The prevalence of serum antibodies against AAV in the population is between 35 and 80%, according to age group and geographical location (8, 17, 52) . Consistent with this, pooled HS abrogated AAV2-GFP transduction in 293 cells; this process was reversed following IgG depletion using protein GSepharose (Fig. 5A) . Southern blot analysis of internalized vector genomes confirmed that the abrogated transgene expression was a result of neutralization of virus particles and reduced entry into these cells (Fig. 5B) .
To immunoprecipitate AAV, AAV2-GFP was incubated with pooled HS to bind neutralizing IgG and then incubated with protein G-Sepharose. The beads were collected and the 5 part/cell). Quantification of chemokine/cytokine expression is based on phosphorimaging of RNA blots and normalized against GAPDH. Cells were transduced in tissue culture medium supplemented with 10% FBS, 10% HS, or 10% HI-HS. Cytokine/chemokine gene expression in the presence of HS was significantly increased compared to that in the presence of FBS (means Ϯ SD) ( * , P Ͻ 0.05 for MIP-1␤; ** , P Ͻ 0.01 for IL-8; *** , P Ͻ 0.001 for IL-1␤; n ϭ 3) or HI-HS (means Ϯ SD) ( ** , P Ͻ 0.01 for MIP-1␤; *** , P Ͻ 0.001 for IL-8 and IL-1␤; n ϭ 3).
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ZAISS ET AL. J. VIROL. 5D), consistent with the deposition of iC3b (iC3b is generated when the ␣Ј chain of C3b is cleaved) (Fig. 5C ) on the AAV capsid. As expected, iC3b also coimmunoprecipitated with adenovirus and HSV-1. These data suggest that the complement component iC3b is associated with AAV in HS. Coimmunoprecipitated iC3b might bind to the Ig-AAV complex or alternatively bind to the AAV capsid directly. To determine whether C3 complement components bind directly to the AAV capsid, AAV was incubated with C3, C3b, or C3b incubated with factor H and factor I (to cleave C3b to iC3b) in the absence of serum. Viral-protein mixes were then immunoprecipitated using a polyclonal anti-C3 antibody and analyzed by Western blotting (Fig. 5E) . AAV was coimmunoprecipitated with C3, C3b, and iC3b, as shown by immunoblotting for AAV capsid proteins (Fig. 5E) . No AAV was immunoprecipitated in the absence of C3 components, confirming that antibodies or beads alone do not bind to the virus nonspecifically. Interestingly, the complement regulatory factor H also coimmunoprecipitated with the AAV-complement complex, suggesting that iC3b formation occurs on the AAV capsid. These results show that C3-AAV capsid interactions are direct and can occur independently of anti-AAV antibodies. Studies were next performed to determine the role of AAV on complement activation. During the early phase of complement activation, the anaphylotoxin C3a is generated as a cleavage product of C3. C3a is unstable and quickly converted into C3a-desArg, which can be measured by ELISA. To determine if AAV vectors could directly activate the complement cascade, HS samples were challenged with 1 ϫ 10 10 or 1 ϫ 10 11 part/ml AAV2-GFP at 37°C for 90 min and the generation of C3a-desArg was determined by ELISA (Fig. 6A) . Complement activation can occur by antigen-antibody complexes (classical pathway) or directly after serum contact with the pathogen surface (alternative pathway). Since HS contains neutralizing AAV antibodies (Fig. 5A) , AAV-induced complement activation was also analyzed in the absence of antibodies by use of HS-IgG. Adenovirus vectors have been shown to activate complement (11, 31, 35) ; therefore, Ad-GFP in a concentration of 5 ϫ 10 10 part/ml was included as a positive control and vehicle served as a negative control. In HS-IgG, AAV and adenovirus vectors did not generate a significant increase of C3a above baseline (Fig. 6A) . In pooled HS, 5 ϫ 10 10 part/ml of adenovirus vectors increased C3a significantly over baseline (2.01 ϫ 10 5 Ϯ 0.30 ϫ 10 5 ng/ml versus 0.98 ϫ 10 5 Ϯ 0.34 ϫ 10 5 ng/ml) (P Ͻ 0.01). In contrast, 1 ϫ 10 11 part/ml of AAV did not generate a significant increase of C3a above baseline (1.21 ϫ 10 5 Ϯ 0.08 ϫ 10 5 ng/ml versus 0.98 ϫ 10 5 Ϯ 0.34 ϫ 10 5 ng/ml) (P Ͼ 0.05) (Fig. 6A) . To test whether the lack of AAV-induced complement activation could be circumvented by using higher doses, 10-fold-higher titers (1 ϫ 10 12 part/ml) of AAV and adenovirus vectors were used and the generation of C3a was analyzed by ELISA (Fig. 6B) . At these very high titers, AAV (Fig. 6B) . Furthermore, consistent with the results observed for IgG-depleted serum, the response was blocked by EGTA, confirming that any complement activation by AAV is primarily antibody dependent (classical pathway). The cleavage of plasma C3 occurs spontaneously via the alternative or the classical complement pathway to generate C3b, which continuously deposits on all surfaces in contact with blood. In this process, C3b does not have the ability to discriminate between self and nonself; whether amplification or inactivation occurs depends on the nature of the surface to which the C3b is attached (61) . To avoid excess complement activation and to protect the host, the complement system is tightly controlled by complement regulators, which are present in the fluid phase and on cell membranes (40) . The host factor I protects host cells from complement lysis by cleaving C3b into iC3b in the presence of a regulatory cofactor molecule. Many pathogens have the ability to bind complement regulators or have cofactor abilities themselves in order to evade complement activation (20, 39) . Therefore, to further analyze how AAV-associated iC3b was generated, a C3b fluid-phase cofactor assay was performed. In this assay C3b was incubated with factor I and AAV2-GFP or controls in a physiological ionic strength buffer. The reaction mix was separated by SDS-PAGE, and cleavage of the ␣Ј chain of C3b was monitored by immunoblotting for the appearance of the ϳ40-kDa cleavage product. Figure 6C shows a comparison of cofactor activities of AAV, adenovirus, HSV-1, and controls. C3b is composed of an ␣Ј chain (107 kDa) and a ␤ chain (75 kDa), and as expected, the ␣Ј chain was cleaved at two sites to generate fragments of 67 and 40 kDa only in the presence of both serum factor I and factor H. Interestingly, like factor H, HSV-1 exhibited cofactor activity for factor I-dependent cleavage of C3b to iC3b, as evident by the appearance of the ϳ40-kDa cleavage product. Adenovirus and AAV vectors did not display direct cofactor activity, suggesting that in contrast to HSV-1, the host complement regulatory factor H was likely required to cleave C3b associated with AAV and adenovirus capsids.
To further evaluate the role of factor H in the formation of AAV-associated iC3b, factor H-AAV coimmunoprecipitation was performed. AAV and factor H were incubated following immunoprecipitation using a polyclonal anti-factor H antibody. AAV coimmunoprecipitated with factor H as indicated by immunoblotting for AAV capsid proteins (Fig. 6D ). Beads and anti-factor H antibodies alone failed to immunoprecipitate AAV, confirming that the interaction was specific. Taken together, these results show that AAV-bound iC3b is generated by factor H on the AAV capsid.
Complement is required for the host humoral response to AAV vectors. To determine the biological significance of complement-AAV interactions in vivo, experiments with mice deficient in the complement receptors 1/2 (CR1/2 Ϫ/Ϫ ) and the complement component C3 (C3 Ϫ/Ϫ ) were next performed. AAV vectors induce a mild innate immune response and a prominent adaptive response in the form of neutralizing antibodies to the virus capsid (9, 52, 73) . First, innate responses to AAV vectors were determined. Wild-type, C3
Ϫ/Ϫ , and CR2
Ϫ/Ϫ mice were injected intravenously with 2.5 ϫ 10 11 particles of AAV2-GFP. Liver cytokine and chemokine expression was determined at 1 h. AAV induced the expression of multiple chemokines, as described previously (72) . Surprisingly, no significant differences in early inflammatory response were observed in the different mouse strains, as shown for IP-10 and MIP-1␤ (Fig. 7A and B) (data not shown for CR2 Ϫ/Ϫ mice). Since the in vitro results suggested that any AAV-induced complement activation might be antibody dependent, the innate immune response in mice preimmunized with AAV was also studied. Similarly to naïve animals, the innate immune response to AAV2-GFP was not enhanced but still occurred at 1 h in immunized wild-type mice. Similarly, innate immune responses in C3 Ϫ/Ϫ and CR2 Ϫ/Ϫ mice previously exposed to AAV were unchanged compared to responses in naïve and wild-type mice at 1 h (Fig. 7A and B) (data not shown for CR2 Ϫ/Ϫ mice). Unlike the observations in vitro, these results imply that complement-AAV interactions may not be required for the innate immune response to AAV in vivo.
Next, to determine if complement and complement receptors played a role in the adaptive immune response to AAV, the production of AAV-specific neutralizing antibodies in wildtype, CR1/2 Ϫ/Ϫ , and C3 Ϫ/Ϫ mice following the intravenous administration of 2.5 ϫ 10 11 particles of AAV2-GFP was determined. Serum from immunized C57BL/6 wild-type mice at 7 days completely abrogated AAV2-GFP transduction of HEK 293 cells (Fig. 8A) . In contrast, naïve mouse serum or serum from CR1/2 Ϫ/Ϫ mice that received AAV2-GFP did not affect transgene expression in these cells. These results show that wild-type mice but not mice lacking the complement receptors CR1/2 developed neutralizing AAV2 antibodies. In contrast to the results observed with AAV2-GFP, serum from wild-type mice and CR1/2 Ϫ/Ϫ mice immunized with Ad-GFP effectively inhibited adenovirus transduction in TE671 cells, suggesting that CR1/2 play little role in the humoral response to adenovirus (Fig. 8A) . The kinetics of neutralizing antibody titers in wild-type and CR1/2 Ϫ/Ϫ mice were also assessed. AAV-specific neutralizing antibodies were first detected at day 7 following AAV2-GFP injection of wild-type mice (mean titer of 1:136.2), rising to a mean titer of 1:3,423 by day 14 (Fig. 8B ). CR1/2 Ϫ/Ϫ mice demonstrated a 1-week delay in the onset of antibody development, and the titers were significantly lower (1:154 at day 14) than those of wild-type controls. In contrast, wild-type and CR1/2 Ϫ/Ϫ mice immunized with adenovirus showed no difference in neutralizing antibody titers within 2 weeks of vector administration. Similar results were obtained with C3 Ϫ/Ϫ mice (Fig. 8C) . Following the administration of AAV2-GFP, C3
Ϫ/Ϫ mice demonstrated a significant delay and reduction in neutralizing AAV antibody titers at 1 to 3 weeks compared to results for wild-type controls (mean titer of 1:4,818.5 for the wild type versus 1:408.7 for C3 Ϫ/Ϫ mice at day 14; mean titer of 1:4,032.7 for the wild type versus 1:1,012.2 for C3 Ϫ/Ϫ mice at day 21). These data show that complement-AAV interactions are biologically significant. Complement C3 and complement receptor 1/2 are essential for the host humoral but not the innate immune response to AAV in vivo.
DISCUSSION
Inflammatory gene expression in vivo following AAV administration is significantly reduced in the absence of macrophages, suggesting that these cells are key effectors of the host immune response to AAV vectors (72) . In this study we char- Ϫ/Ϫ mice receiving AAV2-GFP. Neutralizing antibody titers were significantly higher for WT mice than for C3 Ϫ/Ϫ mice at 1, 2, and 3 weeks (means Ϯ SD) ( * , P Ͻ 0.05; ** , P Ͻ 0.01; n ϭ 3 to 5). Our studies showed that while AAV vectors could internalize into macrophages, AAV did not express transgene in primary macrophages or differentiated THP-1 cells in vitro. Impaired transduction by AAV vectors has also been reported to occur in dendritic cells and in hematopoietic progenitor cells, due to a failure of the virus to efficiently perform second-strand DNA synthesis (26, 32, 57, 75) . In our studies, Southern blots of DNA from primary macrophages and differentiated THP-1 cells transduced with AAV vectors demonstrated doublestranded AAV genome species similar to that observed with nonhematopoietic cell types. Thus, the reduced transgene expression observed in hematopoietic lineages cannot simply be explained by the failure of double-stranded DNA conversion. It is likely that other factors specific to macrophages play a role in limiting the expression of viral delivered genes.
Macrophages were activated by AAV vectors to express NF-B-dependent genes. AAV vector transduction of primary mouse bone marrow macrophages increased predominantly the RNA expression of MIP-2, a potent chemotactic factor for neutrophils, which is secreted during the early stages of innate immunity (14) . Both AAV vector uptake and activation of inflammatory genes in macrophage lines and primary macrophages were enhanced in the presence of serum but returned to baseline when the serum was heat inactivated or depleted of complement component C3, demonstrating that AAV interacts with macrophages in an opsonin-dependent manner. This was confirmed in coimmunoprecipitation studies that demonstrated iC3b binding to AAV2 capsids in serum. The complement receptor most likely involved in AAV uptake and induction of inflammatory responses is currently unknown. We were unable to identify a specific complement receptor expressed on macrophages in blocking studies, suggesting that complementmediated interactions involve redundant receptors (data not shown). Although CR3 (CD11b/CD18, or Mac-1) is the primary receptor for iC3b-opsonized particles and is expressed on naïve and phorbol-12-myristate-13-acetate-stimulated macrophages (59, 68), CR1/2, CR4, and CRIg can all bind iC3b-opsonized particles. The presence of redundant innate mechanisms was also exemplified by the intact inflammatory responses to AAV in the livers of CR1/2 Ϫ/Ϫ and C3 Ϫ/Ϫ mice. This result was unexpected yet not surprising. While both CR3 and CRIg receptors on differentiated macrophages contribute to the uptake of opsonized particles in vitro, CR3 does not seem to participate in the initial recognition of iC3b-coated pathogens in vivo (27) . Instead, CRIg mediates the complement-dependent clearance of pathogens by Kupffer cells in the liver without inducing an inflammatory response (27, 68) . Nevertheless, our results suggest that the initial inflammatory responses to AAV, although macrophage dependent, might be induced by complement-independent mechanisms in vivo. Interestingly, innate immune responses to AAV were also not abolished in immunized wild-type mice. While antibodies inhibit viral entry in epithelium-derived target cells, Ig-opsonized virus is targeted to and taken up by innate immune cells through Fc receptors. Fc receptor cross-linking or the targeting of opsonized virus particles to innate immune cells and the engagement of innate receptors may induce signal transduction events that can lead to inflammatory gene expression.
We also determined whether AAV and adenovirus vectors are able to activate the complement system in HS by analyzing the release of C3a peptides. Adenovirus induced significantly increased C3a levels at a particle titer of 5 ϫ 10 10 part/ml, whereas AAV failed to increase serum C3a above baseline, even at fivefold-higher particle concentrations. AAV-induced complement activation as determined with this assay was observed only at the highest dose tested (1 ϫ 10 12 part/ml), suggesting that AAV displays a somewhat blunted ability to activate complement compared to adenovirus. Both adenovirus-and AAV-induced activations of complement were observed only in the presence of Ig, suggesting that both vectors activate the classical but not the alternative pathway of complement in vitro. Cichon et al. determined the level of C3a generated in isolated citrate plasma of healthy individuals after challenge with recombinant and wild-type adenoviruses and showed a substantial, dose-dependent generation of C3a. The result also illustrated the strict antibody dependence of adenovirus-mediated complement activation in human plasma, consistent with our findings (11) .
C3b generated either through spontaneous hydrolysis of C3 by the alternative pathway or by activation of the classical pathway is deposited at specific surfaces and has two possible fates. In the presence of a membrane-bound or soluble cofactor of the regulator of complement activation family (RCA), such as factor H, factor I is recruited and C3b is rapidly converted to iC3b, which abrogates further complement activation. In the absence of a cofactor, factor B is recruited, resulting in the formation of the C3 convertase and proceeding to complement activation (40) . Immunoprecipitation studies suggested that the AAV vector capsid is associated with iC3b in HS. AAV, however, did not demonstrate direct cofactor activity. Since factor H coimmunoprecipitated with AAV-C3 complexes, our data suggest that iC3b is generated on the viral capsid. Many pathogens have evolved mechanisms to evade direct activation of the complement system by mimicking host surfaces, thereby recruiting factor H (53, 54) . Others have cofactor activity themselves. For example, vaccinia virus-encoded complement control protein (VCP) binds to C3b and cleaves it by acting itself as a cofactor for factor I (46, 60) . Our results show that HSV-1 also has cofactor activity, as evident by the cleavage of C3b in the absence of factor H. Direct binding of AAV capsid with factor H might explain the reduced ability of AAV to activate complement. Binding of factor H as an immune complement evasion mechanism is quite common in bacteria (1, 7, 30, 58) but has been shown for the first time for a virus only recently (10) . West Nile virus nonstructural protein NS1 binds factor H, thereby inhibiting complement activation (10) . Similarly to our results with AAV, West Nile virus-encoded NS1 has no direct cofactor activity.
Although less relevant to the innate response in vivo, complement played a substantial role in the development of AAVspecific humoral immunity. The antiviral humoral response to AAV in CR1/2 Ϫ/Ϫ and C3 Ϫ/Ϫ mice was delayed in its onset and resulted in titers of neutralizing antibodies significantly lower than those of wild-type controls. Complement enhances B-cell responses. Complement bound to viral antigen can induce cross-linking of the BCR with CR2 on the B-cell surface, which substantially lowers the threshold for B-cell activation (45) . In contrast to AAV, neutralizing antibody titers to adenovirus vectors were not impaired in CR1/2 Ϫ/Ϫ or C3 Ϫ/Ϫ mice. Adenovirus vectors induce potent inflammatory responses in vivo, probably providing enough costimulation for B-cell activation even in the absence of complement. In contrast, the adjuvant effect of complement might be crucial for the initial B-cell activation by the less immunogenic AAV, which would explain the delay in antibody development to AAV in the absence of complement. A similar role of complement in the development of a humoral immune response to viral infections has been observed by others. For example, CR1/2 Ϫ/Ϫ mice showed an impaired humoral response to infectious HSV-1 (69) and antibody responses to polyomavirus infection in CR1/2 Ϫ/Ϫ mice showed 40 to 80% reduced antiviral IgG responses compared to those for wild-type mice (65) . Equivalent to the results obtained in our studies, the addition of complement enhanced West Nile virus infection in macrophages and was necessary for the efficient induction of a protective antibody response in mice. The neutralizing antibody titer against West Nile virus reached 1:2,000 within 8 to 10 days, compared to only 1:200 for C3 Ϫ/Ϫ mice. In CR1/2 Ϫ/Ϫ mice, antiviral antibodies were not detectable within the first 10 days after infection (48) .
In summary, our studies show that complement plays an important role in mediating the immune response to AAV. Increased insight into the mechanism of immune induction by AAV vectors may allow for strategies to minimize the humoral adaptive response to AAV in vivo.
